The plant homeodomain (PHD) finger is found in many chromatin-associated proteins and functions to recruit effector proteins to chromatin through its ability to bind both methylated and unmethylated histone residues. Here, we show that the dual PHD fingers of Rco1, a member of the Rpd3S histone deacetylase complex recruited to transcribing genes, operate in a combinatorial manner in targeting the Rpd3S complex to histone H3 in chromatin. Although mutations in either the first or second PHD finger allow for Rpd3S complex formation, the assembled complexes from these mutants cannot recognize nucleosomes or function to maintain chromatin structure and prevent cryptic transcriptional initiation from within transcribed regions. Taken together, our findings establish a critical role of combinatorial readout in maintaining chromatin organization and in enforcing the transcriptional fidelity of genes.
Post-translational modifications on histone proteins play a critical role in many DNA-templated processes, particularly the control of gene transcription. Complexes that modify and remodel chromatin to regulate proper transcription contain proteins with conserved recognition domains that bind either modified or unmodified residues within histone proteins (1) (2) (3) . Because these post-translational modifications are dynamically regulated and are targeted to specific locations across the open reading frame of genes, effector proteins/complexes that read these post-translational modifications can be recruited in a spatiotemporal manner to control chromatin structure and RNA polymerase II (RNAPII) 2 elongation during transcription (4) .
For example, histones are hyperacetylated in front of elongating RNAPII, allowing for nucleosome disassociation and are hypoacetylated behind RNAPII to maintain chromatin structure and prevent inappropriate cryptic transcription (5) . The deacetylation of nucleosomes in transcription is carried out by histone deacetylase complexes, which typically have one or more reader domains that are able to engage chromatin. This multidomain structure allows for recognition of increasingly complex and specific chromatin environments.
Rpd3S, an histone deacetylase that functions in a co-transcriptional manner, has five conserved chromatin-binding domains: a chromodomain in Eaf3, which recognizes Set2mediated histone H3 lysine 36 methylation (H3K36me) (6 -8) , and four plant homeodomains (PHDs), two per copy of Rco1, which has recently been shown to form a homodimer in Rpd3S (see Fig. 1A ) (9) . The chromodomain of Eaf3 and the N-terminal PHD finger of Rco1 (PHD1) have previously been characterized and are necessary for Rpd3S function and nucleosome engagement (6 -8, 10) . PHD1 is thought to engage H3 on one nucleosome, whereas the chromodomain of Eaf3 recognizes H3K36me on a neighboring nucleosome, allosterically activating the deacetylase activity of Rpd3 (11, 12) . This activity is necessary to enforce chromatin integrity and transcriptional fidelity across the transcribed regions of genes, thereby preventing the formation of pervasive cryptic unstable transcripts and stable untranslated transcripts (6, 10, 13, 14) . It has been recently shown that the Set2/Rpd3S pathway is particularly important for repressing antisense transcription from divergent promoters (13) . Although significant advances have been made in understanding the role of Rpd3S in cells, the precise mechanism by which Rpd3S is targeted to chromatin and mediates its function is still poorly understood.
In this report, we interrogated the role of the C-terminal PHD finger in Rco1 (PHD2), which had not been previously investigated. We show that PHD2 is a functional domain and recognizes the unmodified N terminus of H3, as does PHD1. Further, mutational analysis shows that nucleosome binding in vitro and chromatin association of Rpd3S in vivo depend on the function of both PHD fingers. Consistent with this finding, we demonstrate that mutation of either PHD1 or PHD2 leads to chromatin and transcriptional fidelity defects. Together, our data unveil a critical role for two adjacent PHD fingers in coordinating Rpd3S recruitment and function.
Experimental Procedures
Mutagenesis-Conserved residues were identified and specifically mutated using a site-directed mutagenesis kit (Stratagene) and confirmed via Sanger sequencing.
Immunoblot-A single colony was inoculated overnight to saturation and then diluted to an A 600 ϭ 0.2 and grown to midlog phase. Five optical densities of cells were isolated and lysed via bead beating in SUTEB (1% SDS, 8 M urea, 10 mM Tris, pH 6.8, 10 mM EDTA, 0.01% bromphenol blue) for 3 min. Lysates were boiled for 10 min and then isolated. Cell debris were removed via centrifugation, and the supernatant was isolated. Cleared lysates were loaded onto 8% SDS-PAGE gels and then transferred to PVDF membrane. Membranes were probed overnight (4°C) with anti-HA (UNC Antibody Core) or anti-G6PDH (Sigma). Immunoblots were visualized using HRPconjugated secondary antibodies and ECL Prime solution (GE Healthcare).
Alignment and Molecular Modeling-Yeast PHD fingers were isolated from the SMART database and aligned using the Espript 3.0 tool (15) . PHD1 and PHD2 sequences were then modeled using the HHpred tool (16) and visualized in PyMOL.
Purification of GST-tagged PHD Fingers-The PHD fingers of Rco1 were purified from SOLUBL21 competent Escherichia coli cells. The cells were grown in the presence of 1 mM zinc. Bacteria pellets were lysed in 50 mM Tris-HCl, pH 7.4, 130 mM NaCl, 1 mM DTT, 1 M ZnCl 2 , 1 mM PMSF, universal nuclease for cell lysis (Pierce, 1:20,000), 1 Roche protease inhibitor mixture tablet/50 ml, 1 mg/ml lysozyme (Sigma), 0.1% Triton. Cleared lysate was incubated with Pierce glutathione resin for 2 h at 4°C. Protein was eluted from the resin in 50 mM Tris-HCl, pH 8.0, 130 mM NaCl, 10 mM glutathione, 1 mM DTT, and 1 M ZnCl 2 . Protein was then dialyzed overnight into a storage buffer composed of 50 mM Tris-HCl, pH 7.4, 130 mM NaCl, 1 mM DTT, and 1 M ZnCl 2 .
Overnight Peptide Pulldown Method-1 g of biotinylated histone peptide (supplemental Table S3 ) was incubated with 1 g of purified GST fusion protein in 1 ml of peptide binding buffer (50 mM Tris-HCl, pH 7.5, 130 mM NaCl, 0.1% (v/v) Nonidet P-40, 1 mM PMSF, 1 mM DTT, 1 M ZnCl 2 , and 1 Roche protease inhibitor mixture tablet/100 ml of peptide binding buffer) overnight at 4°C. After incubation for 1 h at 4°C with streptavidin beads (Pierce), the beads were washed three times with 1 ml of peptide binding buffer. Peptide was then eluted from the bead into SDS loading buffer by boiling for 5 min at 98°C. Samples were then subjected to Western blot analysis, and the membrane was probed with GST antibody (Sigma, 1:4000) for 1 h at room temperature. Peptide loading was assessed by probing the membrane with Streptavidin-HRP (Cell Signaling, 1:5000) for 30 min at room temperature.
Rpd3 Complex Isolation-Recombinant Rpd3S complexes were purified from a Sf21 insect cell-based baculovirus expression system as described previously (9, 11) . Briefly, freshly passed Sf21 cells were co-infected with individual virus that encodes each subunit of Rpd3S for 48 h. The cells were collected and lysed in BV lysis buffer (50 mM HEPES, pH 7.9, 300 mM NaCl, 2 mM MgCl 2 , 0.2% Triton X-100, 10% glycerol, 0.5 mM EDTA, and freshly added protease inhibitors) on ice for 30 min. Cell lysates were clarified by ultracentrifugation and incubated with anti-FLAG M2 resin (Sigma) at 4°C for 2 h. After extensive washing, each complex was eluted using 500 g/ml 3ϫFLAG peptides in BV elution buffer (50 mM HEPES, pH 7.9, 100 mM NaCl, 2 mM MgCl 2 , 0.02% Nonidet P-40, and 10% glycerol) and concentrated using Amicon concentrators.
EMSA-Mononucleosomes were reconstituted using a 222-bp 601-positioning sequence containing DNA template and purified as described previously (17, 18) . EMSA reactions were carried out in a 15-l system containing 10 mM HEPES, pH 7.8, 50 mM KCl, 4 mM MgCl 2 , 5 mM DTT, 0.25 mg/ml BSA, 5% glycerol, and 0.1 mM PMSF. The samples were incubated at 30°C for 45 min and run on a 3.5% acrylamide (37.5:1, acrylamide:bis-acrylamide) gel at 4°C.
Chromatin Association Assay-Fifty optical densities of midlog phase cells were isolated and fractionated as previously described (19) . Fractions were immunoblotted and probed with anti-HA (UNC Antibody Core), anti-G6PDH (Sigma), or anti-H4 (Millipore).
Rco1 Co-immunoprecipitation-All strains were grown overnight in SCϪLeu. Cultures were diluted to an A 600 of 0.2 and grown to log phase in 100 ml of SCϪLeu. The cells were pelleted and washed with 50 ml of distilled H 2 O. The pellets were resuspended in 500 l of lysis buffer (20) and split equally into two tubes. Glass beads were added to bring the total volume to 750 l, and samples were vortexed for 12 min and rested for 10 min on ice for a total of two times at 4°C. Lysates were collected into fresh tubes via centrifugation, and the lysates were cleared at maximum speed for 15 min at 4°C. Protein concentration was quantified via Bradford assay. An aliquot was taken for input, and 1.5 mg/ml of protein was incubated overnight in 1 ml of lysis buffer at 4°C with 1:1000 dilution of protein A antibody (Sigma). Antibody was conjugated to IgG Sepharose beads (GE Healthcare) for 2 h at 4°C before being washed with lysis buffer and protein eluted with 100 l of 5ϫ SDS buffer. Samples were boiled at 95C for 5 min before loaded onto an 8% SDS-PAGE gel.
Spotting Assays-All spotting assays were performed with 5-fold serial dilutions of saturated overnight cultures of the indicated strains. Growth was assayed after 2-5 days. All yeast strains used in this study are described in supplemental Table  S1 , and all plasmids are described in supplemental Table S2 .
Results
Rco1 Contains Two PHD Fingers That Bind to the N Terminus of H3-Rco1 is a unique member of the Rpd3S complex, which is defined by a N-terminal PHD finger followed by an autoinhibitory domain; a Sin3 interaction domain, which associates with the MRG domain of Eaf3 (11); and a second C-terminal PHD finger (Fig. 1A) . Although the first PHD finger is required for nucleosome binding and Rpd3S function (10), its second PHD finger (PHD2) remained uncharacterized. To explore whether PHD2 would encode a functional domain, we first performed a sequence alignment of the known PHD fingers from Saccharomyces cerevisiae (Fig. 1B) and created structure prediction models in HHpred of PHD1 and PHD2 using a PHD domain from CHD4 (Protein Data Bank code 1MM2) as a scaffold ( Fig. 1 , C-E) (21) . Our sequence alignments showed that both PHD fingers of Rco1 contain the necessary conserved cysteine and histidine residues needed for the coordination of two zinc ions, a feature that defines functional PHD fingers. In addition, structural modeling predicted PHD2 as being a folded domain with high structural similarities to PHD1. Interestingly, PHD2 contains a small sequence insertion between the first and second grouping of cysteines and has substituted a conserved cysteine residue for an additional histidine at its C terminus, thus suggesting that PHD2 differs slightly from other PHD fingers.
We next interrogated the ability of both PHD1 and PHD2 to directly associate with histones. Each domain was expressed and purified as a GST fusion and assayed in solution peptide pulldowns for their ability to bind differentially modified biotinylated histone peptides from distinct regions of the H3 N terminus. As shown in Fig. 1F , we consistently found that both PHD1 and PHD2 preferentially bound to the N-terminal region (residues 1-20) of the H3 tail. This result is consistent with previous analyses of PHD1 (22, 23) . Interestingly, we also found that trimethlyation of K4 (H3K4me3) decreases the ability of both PHD1 and PHD2 to bind N-terminal H3 1-20 peptides, suggesting that these domains bind to the extreme N terminus of H3 and are affected by N-terminal post-translational modifications. Furthermore, this finding may account, at least in part, for how Rpd3S is restricted from binding to promoter nucleosomes normally marked with H3K4me3.
PHD2 Is Required for Rpd3S Association on Chromatin in Vitro-Our previous studies demonstrated that PHD1 was essential in mediating Rpd3S association on nucleosomes (10) . Given this, we wondered what the contribution would be, if any, for the second PHD finger of Rco1 in nucleosome binding or the homodimerization of Rco1. To ascertain this, we recombinantly expressed the five Rpd3S members and assembled in vitro complexes competent for nucleosome binding ( Fig. 2A) .
In addition to a complete deletion of PHD2 (rco1⌬ phd2), we made a point mutant in PHD2 predicted to disrupt zinc binding and PHD function (rco1-C417A). As shown in Fig. 2A , both the deletion of PHD2 and the C417A point mutation had no effect on Rpd3S complex assembly. Furthermore, mutation of PHD2 showed no defects in Rco1 homodimerization by co-immunoprecipitation analysis (supplemental Fig. S1) . Surprisingly, even though the integrity of Rpd3S complexes with PHD2 mutants was fully intact, the ability of these complexes to bind nucleosomes was completely abolished (Fig. 2B) , a result that is identical to the loss of PHD1 (10). These results imply that both PHD fingers of Rco1 function in a coordinated fashion to bind nucleosomes. PHD1 and PHD2 Are Required for Chromatin Association in Vivo-To determine the significance of PHD1 and PHD2 in Rpd3S function in cells, we generated a panel of mutations at conserved residues found in both PHD1 and PHD2 that we predicted to be critical for their function (Cys 275 , Asp 276 , and His 283 in PHD1 and Cys 417 , Met 438 , Cys 440 , and Asp 441 in PHD2). As shown in Fig. 2C , nearly wild-type levels of protein were obtained for all of the mutants made in PHD2, but two mutants in PHD1 proved to be unstable (C275A and H283A) and therefore were not used further in our analyses. We next assessed the ability of these mutants to affect the association of Rpd3S on chromatin in vivo using chromatin association assays. Yeast cells expressing wild-type or mutated versions of Rco1 were fractionated into soluble or chromatin-associated fractions (Fig. 2D ). As expected, wild-type Rco1 was predominantly found in the chromatin fraction. In stark contrast, however, the D276A PHD1 mutant and C417A and C440A PHD2 mutants were unable to maintain association with chromatin. Hence, PHD1 and PHD2 are both required for chromatin association of Rpd3S in vitro and in vivo.
Loss of PHD1 or PHD2 Function in Rco1 Leads to Chromatin Structure and Transcriptional Fidelity Defects-One of the key functions of Rpd3S is to restore chromatin to a hypoacetylated state after the passage of RNAPII during gene transcription (5) . This locally compacts chromatin structure, thereby preventing bidirectional transcription and RNAPII complexes from binding to cryptic promoter elements along the gene and aberrantly initiating transcription. To monitor cryptic transcription, we employed a yeast strain wherein the HIS3 gene is fused to a naturally occurring cryptic promoter in the FLO8 gene (24) . Importantly, HIS3 is out of frame with the normal 5Ј promoter and only produces a functional transcript if the 3Ј cryptic promoter is used (see schematic in Fig. 3A) . Under growth conditions using media lacking histidine, cells will not grow if chromatin structure is normal. As expected, strains deleted for RCO1 resulted in a growth phenotype on plates lacking histidine ( Fig. 3B) , signifying a significant disruption to the chromatin structure at this locus, resulting in cryptic transcription occurring at the internal promoter. This phenotype is rescued by the addition of wild-type RCO1. In complete contrast, however, mutations of PHD1 and PHD2 that disrupt Rpd3S association to chromatin also result in a cryptic transcription phenotype (Fig. 3B ). Comparison of another reporter gene, STE11, whose natural cryptic promoter is also fused to the HIS3 gene, showed identical results, thus verifying that the cryptic transcription defect we were observing is not a gene-specific effect (supplemental Fig. S2 ). Together, these results show that without PHD1 or PHD2 function, Rpd3S is unable to engage chromatin and properly regulate chromatin structure during gene transcription.
In addition to cryptic transcription, another assay that has been used for the analysis of chromatin and transcription defects is the bur1⌬ bypass assay. BUR1 is an essential kinase that acts positively on transcription by phosphorylating several members of the elongating RNAPII including the C-terminal domain of Rpb1 and the C-terminal repeat domain of Spt5 (25) (26) (27) . However, in the absence of Set2 and other factors in the SET2 genetic pathway (e.g. Rpd3S), cells lacking BUR1 are via-ble. As expected, loss of RCO1 resulted in a bypass of lethality that was rescued upon restoring wild-type RCO1. Consistent with the role of both PHD1 and PHD2 in Rpd3S function, we FIGURE 3. Chromatin structure and transcriptional fidelity requires both PHD fingers in Rco1. A, a schematic of the FLO8-HIS3 fusion gene reporter to detect changes in chromatin structure and cryptic transcription. The cells will only grow in the absence of histidine and if the cryptic promoter in front of HIS3 is utilized. B, cryptic initiation spotting assay using the FLO8-HIS3 fusion gene reporter. The indicated strains are spotted in a 5-fold serial dilution from a starting A 600 of 0.5. The plates are imaged after 2-5 days. C, a BUR1 bypass assay reveals transcriptional elongation defects in Rco1 PHD mutations. The indicated strains are spotted in a 5-fold serial dilution from a starting A 600 of 2.0. The plates are imaged after 2-3 days. D, a model of how Rpd3S and Rpd3L engage chromatin. Each PHD finger of Rco1 engages the N terminus of H3, whereas the chromodomain of Eaf3 recognizes methylated H3K36, which allosterically activates the histone deacetylase activity of Rpd3. The selectivity of each PHD finger for unmodified H3K4 (H3K4me0) may be an important contributing factor in Rpd3S localization to gene bodies, which are not marked with H3K4me3. In contrast, Rpd3L contains two PHD fingers (one each in Cti6 and Pho23) that do bind to H3K4me3, thus enabling this complex to maintain its localization to promoter regions and not gene bodies. These findings help to further our understanding of combinatorial readout in recruitment of chromatin-associated proteins.
observed that mutation of either domain renders cells resistant to the loss of BUR1 (Fig. 3C) . Together with the cryptic initiation assay, these data show that combinatorial engagement of histone H3 by the PHD1 and PHD2 is critical for Rpd3S chromatin recruitment and function during gene transcription.
Discussion
Based on the work herein and other recent publications, we propose that Rco1 is a critical scaffolding protein that engages the N termini of histone H3 to stabilize Rpd3S on chromatin, thereby optimally positioning Eaf3 for H3K36me2/me3 binding. With two copies of Rco1 per Rpd3S complex, it is likely that one Rpd3S complex is engaged on two adjacent nucleosomes whereby all four H3 tails are co-occupied to maintain Rpd3S stability on chromatin (see model in Fig. 3D) . Future studies will be needed to resolve whether the PHD domains from the same molecule of Rco1 bind both H3 tails in a single nucleosome or whether they bind a separate H3 tail from two neighboring nucleosomes. Regardless, having Rco1 co-occupy two nucleosomes would further highlight the need and role of Isw1b, which utilizes its ATP-dependent chromatin remodeling activities to position adjacent nucleosomes in close proximity for Rpd3S binding (28, 29) . Together, these events function to allow Rpd3 to deacetylate histones and maintain chromatin integrity during the transcription process.
Our studies showed that both PHD fingers of Rco1 have a similar preference for binding to the extreme N terminus of H3 and, further, that this binding is highly sensitive to H3K4 trimethylation. This result may help to provide an explanation for how Rpd3L and Rpd3S binding to discrete regions along the gene are controlled. Rpd3L, which localizes to promoters, does not contain Rco1 but rather two other PHD-containing proteins (Cti6 and Pho23) specific for H3K4me3 (22, 30) . This would help to maintain Rpd3L in promoter regions where H3K4me3 is restricted. In contrast, Rpd3S, which lacks these other PHD-containing proteins for Rco1, is repelled by H3K4me3, thereby restricting this complex to gene bodies. Consequently, this would localize the Rpd3S complex in regions with high levels of H3K36me, which is then recognized by the chromodomain of Eaf3 (6 -8) . Thus, the different PHD fingers found in Rpd3L and Rpd3S likely govern their discrete localizations at genes (see model in Fig. 3D ).
Finally, we note that although a previous survey of yeast PHD domains was performed using solution peptide pulldowns (22) , our studies differ in regards to the ability of PHD1 and PHD2 to bind H3K36me3, a result that is also true for the characterized PHD1 domain of the human Rco1 counterpart, Pf1 (23) . We note that PHD1 and PHD2 expression and maintaining their stability in vitro was found to be extremely difficult, and further, that binding and washing conditions greatly impacted weak interactions and nonspecific binding. These challenges with studying Rco1 may explain how different observations were observed.
Our results showed that both PHD fingers in Rco1 are required for chromatin targeting and Rpd3S function. This finding strongly argues that Rpd3S is targeted to chromatin via combinatorial readout of H3. We propose that in isolation, PHD1 or PHD2 is not robust enough to maintain stable Rpd3S association to nucleosomes but rather is reinforced when both domains operate in unison and further when this occurs as a homodimer capable of binding four H3 tails. These four histone binding events likely enforce a strict reading of the chromatin environment that requires the appropriate spacing of the dinucleosome substrate imposed by the Isw1b chromatin remodeling complex.
Finally, we show that loss of H3 binding by either PHD finger of Rco1 results in a disruption of chromatin structure that leads to cryptic transcription and transcriptional defects. Given the significant role these PHD fingers play, it will be interesting to explore whether other chromatin-associated proteins/complexes with multiple PHD fingers behave similarly. In regards to Rpd3L, we predict that the association of this complex to promoters will require each of the two PHD domains found in the complex that show binding to H3K4me3 (speculated in Fig.  3D ). Taken together, our results with Rco1 highlight the significance of combinatorial readout in chromatin function and provide further support for the "histone code" hypothesis (31) . 
